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Abstract:
The purpose of this project is to study how the variance of the geometry and architecture
of polymer matrix composites (PMCs) affect the acoustic emissions measured whilst said
structures are subjected to tensile stress. In these tests, a method called Modal AE will be
utilized. In Modal AE, some relationships between sources and waves in various materials and
geometries are presented in other papers/research. This study will focus on how different
thickness and different makeup/ply patterns affect the acoustic emission tests. Some research has
been completed and shown how energy attenuation affects the frequency content on PMCs
similar to the ones chosen for this project. Using a similar test setup and analysis the goal of this
project is to see if the thickness/geometry of these samples will affect energy attenuation and
therefore affect frequency content. The reason frequency content is so important in AE is that it
is a method of exploring the different damage modes PMCs experience during stress tests. From
this data more information can be obtained about frequency content and the effects that energy
attenuation/architecture/geometry can have on PMCs. These AE events can also be used to
identify the location of a break and to see how internal breaks have propagated through the
structure. Polymer matrix composites (PMCs) are widely used in the aerospace industry,
particularly in structures securing thrust generating systems to the primary structure. Each test
subjects a polymer matrix composite (PMC) of a specific thickness and weave design to
determine the damage modes for each sample. The peak frequency of the propagated acoustic
emissions with respect to the time domain will also be measured.

Design of Experiment:
Material Selection:
The materials used were an assortment of different polymer matrix composites of varying
thicknesses. See Table 1:

Table 1:
The ply orientations of the 6, 9, 12 ply, and 2-Laminate are included below. (Figures 1-4) Since
this study was designed to see how different geometry and architecture of polymer matrix composites can
affect acoustic emissions, we decided to look at a variety of materials with different thicknesses and
internal ply layout. Conducting tests on four different material types allowed for a more fleshed out data
set. All materials were generously provided by Dr. Vijay Pujar of Collins Aerospace, San Diego, CA.

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Sample Types:
There were three sample types used for these experiments. Two of each sample type were made
from each of the four material types. All samples were straight edges being 254 mm (10 in) long and 38
mm (1.5 in) wide. Two of the sample sets were given a pair of 3 mm deep and ½ mm wide notches along
the length of the samples and opposite one another. One set of the notched samples had the notches
located at the midpoint of the sample length, while the other set had the notches above all 4 sensors 80
mm from the center of the sample. The last sample type used was another straight edge with a ¼ in
diameter hole located at the centroid of the sample. The project had also originally wanted to look at some
dogbone samples and even sent out panels to a contractor to have them cut. Unfortunately, they were not

cut fast enough for them to fit into the project timeline and they had to be excluded. It should also be
noted that the panel of 12-ply PMC was not large enough for all the necessary straight edge samples and
therefore there were so straight edge samples with an asymmetric notch.

Types of Stress Concentrators:
Three types of stress concentrators were used for the testing: a centered double notch, a double
notch outside the sensors and a centered hole. The center hole was a ¼ inch hole drilled into the center of
each specimen at the halfway point of the length of the uncut sample. The center double notch was sized
to have a 3 mm by ½ mm rectangular notch cut into the sides of each specimen to have a roughly
equivalent cross sectional area along the expected failure location; this notch was cut at the halfway point
of the length of the uncut sample. The outside double notch similarly had a 3 mm by ½ mm cut, however
this time the notch was placed 80 mm above the halfway point of the length of the uncut sample. The
center double notch and center hole concentrated the stresses towards the middle of the specimen so there
could be sensor readings with standardized distances. The outside double notch concentrates the stresses
outside the sensors giving us a longer path and increasing the distance from the source of the event to the
last sensor from 60mm to 140mm. This increased distance allows for a better look at how the attenuation
behaves over longer distances, while the center hole and notches provide a more consistent distance to
analyze attenuation over.

Test Matrix:
In developing the test matrix many decisions had to be made and the matrix had to be revised
multiple times (the most recent version is located in Appendix: A). The final test matrix had four different
sample types of sample thickness which were provided: 6-ply, 9-ply, 12-ply, and 2-laminar. The 6-ply,
9-ply and 2-laminar all underwent 3 separate tests which varied the stress concentration method as
discussed above, the 12ply however only underwent the center hole and center notch setups as there was
not enough material to create samples for the outside notch test. For all test setups a duplicate test was
run, to ensure good data was taken and to have more data points to use for analysis.

Every test also had the same sensor setup (see Figure 5), with respect to the center of the
specimen sensor one was always 15 mm, sensor two was always 30 mm, sensor three was always 45 mm,
and sensor four was always 60 mm. The D.I.C (Digital Image Correlation) prep area was also
consistently 8 mm on each side of the expected failure location. These locations and measurements were
developed over a pair of sample tests that were used to verify where the location of the sensors for the
experiment should be as well as the size of the D.I.C prepped area.

Figure 5:

Manufacturing:
Each Sample was prepared similarly. Each sample that was 6-ply, 9-ply, and 12-ply was sent in a
single 12x12 inch board. The two-laminate panel had two samples in an 18x18 inch panel. After
evaluating the test matrix, a cutting plan was devised that allocated enough samples from each board.
Portions were partitioned off for each sample as specified by the test matrix and gathered a cutting plan.
Using SolidWorks, models that outlined the optimization way to cut the panels were created for each type
of PMC. The samples were then cut using a saw into 10 inches by 1.5-inch rectangular samples. For each
ply type there were supposed to be a total of 6 samples cut. However, due to manufacturing error, some
samples needed to be recut as their edges were not straight. This resulted in a short supply of 12-ply
samples. In total there were 22 samples used for testing purposes. It was determined that the stress
concentrators (notch or hole) were to be placed in various locations for each sample type.. One type of

stress concentrator was a double notch symmetric from the center of the sample. There is also a variation
where the double notch is located asymmetrically from the center of the sample at 80 cm. These notches
are 1mm in width and 3mm long. Each notch was cut with a diamond saw blade. The other cut type is a ¼
inch hole that was drilled directly into the center of the sample. The hole were originally drilled smaller
than ¼ inch and then smoothed into the proper size to reduce any cracks that might have been formed by
the drill.

Test Methodology:
The samples were required to fit into the grips for the Instron. Each sample on each end for both
sides needed to be tabbed. Using Superglue and thick pieces of fiberglass laminate, each sample was
tabbed to be fitted into the Instron’s grips. Each sample was labeled corresponding to the test matrix.
Before testing, a small cross-section was placed over the stress concentrator and was painted with a white
background and black dots over top for the D.I.C. Sensor placements are then marked on each sample
with a paint marker to reduce placement error once the sample was placed within the grips of the Instron.
The sample is first placed into the grips on the Instron, the Instron is then calibrated for the
sample. Each sensor is then clipped onto the sample using a small clamp. Wave Explorer is then set up on
the computer. Each of the four sensors is connected to an ethernet switch that is connected to the
computer. Wave Explorer would then be able to record the events for the test. The D.I.C is then set up to
the exact placement of the painted area where the break was projected to occur. Simultaneously Wave
explorer, the Instron, and the D.I.C were run to record the test. After the sample breaks, the data is then
saved and the process is repeated for each sample. A flow chart outlining the entire test process can be
found in Appendix B.

Data Analysis:
Manual Time of Arrival Analysis:
The first step in post-processing the data collected during the tensile tests is manually
finding the Time of Arrival (TOA) of each event/sensor. This is done by converting the binary
files collected from WaveExplorer during the tests and converting them to ASCII files. From
there the files can be opened in WaveProcessor to find the TOA’s of each event. WaveExplorer
allows the TOA’s to be exported as text files. In addition to manual TOA’s, WaveProcessor also
is able to export Energy content, Frequency centroid content, and peak frequency content. These
exports will be used to evaluate and draw conclusions about the thickness and geometry of the
PMCs affecting the Acoustic Emissions.

Most Confident Data:
After finding the manual TOA’s of each event/sensor for each test performed Microsoft
Excel was used for further analysis. All of the manual TOA’s values were imported into Excel
and then sorted by “Most Confident Data” Several factors go into sorting the data so that only
the most confident data would be used to draw conclusions from. For the purpose of this project
only events coming from the stress concentrators should be used. For the tests with center holes
and center notches, each event coming from the stress concentration should hit sensor one first
and sensor two second. However, for the tests with the asymmetric notch, each event coming
from the stress concentration should hit sensor three first and then hit sensor one second. After
all of this has been completed in Excel and sorted properly the graphs could be populated with
the best usable data.

Outliers:
After populating the graphs with the most confident data, any outliers appearing in the
graphs needed to be checked. Any outliers were simply reevaluated in WaveProcesser to check
that all the sensors were recording correctly and that the appearance of the waveforms made
sense. If all of these things were seen to be true the outliers were kept within the graphs.

Resulting Graphs:
The graphs that were used to evaluate the tests and draw conclusions from were created
using the most confident data. WaveProcessor is capable of outputting the energy content,
frequency centroid content, and peak frequency of each event. This data was then graphed
against “sensor distance” Sensor distance is measured for each individual sensor. The distances
are measured as the distance from the stress concentrator. See Table 2 below for sensor distances:

Table 2:
It should be noted that the graphs for Energy content are normalized. For center hole tests and
center notch tests the energy content was normalized by the EN value of sensor one. This is
because sensor one is the closest sensor to the stress concentrator. For the asymmetric notch tests
the energy content was normalized by the EN value of sensor three. THis is because sensor three

is the closest sensor to the stress concentrator. It was decided to normalize those graphs to better
see the tend of how the energy attenuates across the samples

Issues within Post-processing Analysis:
There were several issues that came up during the post-process analysis portion of this
project. All files of the binary file for the center hole tests were found to be corrupted at some
point during the collection. WaveExplorer has a “wave-fixer” capability within their software
which was able to be used for the center hole tests. However, there were some files that were
unable to be completely recovered. And still others experienced an extreme amplitude at the
beginning of the waveform that has affected the frequency content of these tests. The events
were analyzed to the best of the group’s ability but a large portion of the data was lost.

Discussion:
For the purpose of this section, one sample of each test with the most confident data was used.
There were three types of tests and there were four different thicknesses and architecture as mentioned
previously. The energy graphs were also normalized by sensor one.

Frequency Centroid Discussion:
It can be seen through the graphs of Frequency Centroid vs. Sensor Distance: how the signal or
waveforms decay across the specimen. Throughout all of the analysis completed it appears that geometry
and architecture of the PMCs do not affect how the Frequency Centroid decays over time. Even with
different types of stress concentrators (i.e. Center hole, center notch, and asymmetric notch) The
Frequency Centroid graphs appear to follow the same trend of decaying and getting smaller the further
from the source of the event. See Figure below to show example of what the frequency centroid content
looks like as it goes across the specimen:

Peak Frequency Discussion:
After populating the graphs and comparing how the Peak Frequency (PF) vs. Sensor distance
looked for the various geometries/architectures; it appears that the PF was not affected much by these
factors.
It should also be noted that the Peak Frequency Content for the Center Hole Tests may not be
accurate. This is due to an issue during the post-processing analysis. Files, as mentioned before, for the
center hole tests had been corrupted at some point during the test and required repair. However, although
most of the files were able to be repaired some of the files experienced an extreme amplitude during the
first few microseconds of every test. This will cause the peak frequency for each event experiencing this
issue to be inaccurate and therefore unusable. An example of this is shown below:

In the picture above it shows an event for specimen H-2L-1. This is one of the center hole tests
that experiences a large amplitude for the first few microseconds of the event. (Large amplitude is
encircled with a red box) This completely interferes with the frequency content and therefore renders it
inaccurate.

Energy Content Discussion:
The energy content of the graphs was normalized in an attempt to gain a clearer understanding of
how the energy attenuates across the specimen. These graphs were normalized by the energy of the sensor
measured closest to the stress concentrator (source) and then graphed accordingly. The energy seems to
increase as it goes across the specimen for most cases despite the differences in
geometry/architecture/stress concentrators.

Summary Discussion:
With an extensive research project, such as the one outlined for this project, there is a lot that goes
into analyzing the data in order to draw conclusions. Due to the time constraints for this project, full
post-test analysis could not be completed. From the analysis able to be completed it appears that the
geometry and architecture of these PMCs does not affect how the energy, peak frequency, and frequency
centroid attenuate across the sample. Although much more analysis needs to be completed to be confident
in that conclusion. Other plans for analysis are outlined later in this paper. All graphs used during the
analysis portion of this project are shown in Appendix C.

Future Work:
As mentioned in the previous section, there is a lot more analysis to be done for this project in
order to make any definite conclusions. Some further analysis to be completed will be discussed below.
In this paper only the best data was used for analysis so a lot of the AE events for the tests were excluded.
For instance, the saturated events were completely excluded from the analysis. Saturated Events are
events that have such high amplitudes that exceed the capabilities of the sensors (exceeding 1 Volt) but
still provide valuable information. Another portion of analysis that might provide valuable data would be
to look at a few specific events and plot sensor distance vs energy (for high energy events and low energy
events) to see how well they compare to the overall plot of EN vs. Sensor Distance.
During the testing portion of the project there was a mistake made during the software setup that
caused the recording window to be different for the center hole tests compared to the recording window
for the asymmetric and center notch tests. For the center notch and asymmetric notch tests the recording
window was set at 200 microseconds. Whereas for the center hole test, the recording window was set at
800 microseconds. Comparing the energy content between the two different time windows could provide
some interesting data to look at and compare. Events that did not confidently come from the source (i.e.
stress concentrator) were also sorted out. However, this does not mean that they are unusable or would not

provide valuable information. These types of events could occur in between sensors or could originate
from the grips of the machine. They still provide valuable information however they do require a little
more effort/time to fully analyze.
Another portion of analysis that would have been completed (if there had been more time for
analysis) would be some location analysis. The multiple sensors and capability of the analysis software
(WaveProcessor) allows users to approximately locate where the events (or microfractures) come from.
This kind of data can be used to estimate crack propagation and is useful when comparing how the
geometry/architecture affects Acoustic Emissions.
Weighted frequency is another way of analyzing how the difference between the various PMCs
affect AE events. Weighted Frequency is simply the square root of the peak frequency value and
frequency centroid multiplied together. This is not a direct export of WaveProcessor and would have to
be computed using Excel.
Another form of data collected during the tests came from the D.I.C. software. However, this was
not able to be analyzed in time for use in this paper. Future work would include processing the D.I.C data
and using it to support any conclusions made during other parts of the analysis.

Conclusions:
This project presented many challenges throughout the project timeline. THe biggest challenge of
this project was completing the project by the end of Spring Semester 2022. This was unable to be
accomplished and therefore finite conclusions about how the effects of geometry and architecture of
PMCs on AE events was not able to be reached. However, many other aspects of the project were able to
be completed.
The D.O.E. is the portion of this project that counted towards the design criteria. The students
were required to choose the types of tests, write the test set-up/come up with parameters, choose

materials, sensor placement etc. All of this was able to be completed successfully. This project is relevant
to the Aerospace Industry because the materials chosen are materials typically used in the nacelle
structures of jet engines. All of these materials were generously provided by Dr. Vijay Pujar of Collins
Aerospace, San Diego, CA.
In addition to designing the experiment, the students completed all testing of a total of 22
specimens and were able to analyze the majority of them to the best of their ability.
Overall, had the students had more time to complete the project, concrete conclusions would have
been able to be made on whether the geometry and architecture of the chosen materials had an effect on
the acoustic emissions that occur during tensile testing.
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